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ARTICLE INFO ABSTRACT

Keywords: Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. aeruginosa) bacteria are most commonly present
Bacteriophage formulation in burn wound infections. Multidrug resistance (MDR) and biofilm formation make it difficult to treat these
Microparticles

infections. Bacteriophages (BPs) are proven as an effective therapy against MDR as well as biofilm-associated
wound infections. In the present work, a naturally inspired bacteriophage cocktail loaded chitosan
microparticles-laden topical gel has been developed for the effective treatment of these infections. Bacterio-
phages against MDR S. aureus (BPSA®1) and P. aeruginosa (BPPA®1) were isolated and loaded separately and in
combination into the chitosan microparticles (BPSA®1-CHMPs, BPPA®1-CHMPs, and MBP-CHMPs), which were
later incorporated into the SEPINEO™ P 600 gel (BPSA®1-CHMPs-gel, BPPA®1-CHMPs-gel, and MBP-CHMPs-
gel). BPs were characterized for their morphology, lytic activity, burst size, and hemocompatibility, and BPs
belongs to Caudoviricetes class. Furthermore, BPSA®1-CHMPs, BPPA®1-CHMPs, and MBP-CHMPs had an
average particle size of 1.19 + 0.11, 1.42 + 0.21, and 2.84 + 0.28 pm, respectively, and expressed promising in
vitro antibiofilm eradication potency. The ultrasound and photoacoustic imaging in infected burn wounds
demonstrated improved wound healing reduced inflammation and increased oxygen saturation following
treatment with BPs formulations. The obtained results suggested that the incorporation of the BPs in the MP-gel
protected the BPs, sustained the BPs release, and improved the antibacterial activity.

Polybacterial infections
Wound healing
Antibiotic resistance

contributing to prolonged delays in the wound-healing process [3,5,6].
Although bacteriophage (BP) has been proven to be effective against

1. Introduction

Antimicrobial Resistance (AMR) is one of the raising challenges that
occurs when bacteria, viruses, fungi, and parasites no longer respond to
medicines. According to the Antibiotic Resistance Threat Report-2019,
about 2.8 million infections with antibiotic-resistant microbes occur in
the USA each year, resulting in >35,000 deaths [1]. Among the different
infections, burn wound infections are the 4th most common infections
after falls, physical violence, and traffic accidents [1,2]. As per the
World Health Organisation, approximately 3,00,000 fatalities occur due
to burns each year, with addition mortality associated with heat and
other causes of burns, including electric devices, radioactive radiation,
chemical substances, etc. Staphylococcus aureus (S. aureus) and Pseudo-
monas aeruginosa (P. aeruginosa) are most frequently present in burn
wound infections [3,4]. Furthermore, biofilms are typically found in the
majority of wounds, consisting of various bacterial species, thereby

MDR bacterial infections, maintaining the BP titer in the formulation.
Further, unavailability of regulatory and kinetic profile data, and con-
trolling the release from the formulation are the major challenges for
bacteriophage (BP) therapy. Additionally, maintaining bacteriophage
biological stability (lytic activity) due to environmental conditions
(during processing, formulation development, or at the site of applica-
tion) is difficult.

Following the consideration of the obstacles, we have successfully
formulated a gel containing BP-loaded chitosan microparticles to
effectively address the issue of multidrug-resistant biofilm-induced
bacterial infections in burn wounds. Chitosan, a biopolymer derived
from crustaceans, is biocompatible, nontoxic, and has shown promise in
scientific studies for its potential antimicrobial properties [7,8]. Chito-
san’s versatility makes it suitable for wound dressings, delivery systems,
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and as a biomaterial for encapsulating bacteriophages (BPs), as
demonstrated in prior publications [9-14]. Some grades of chitosan with
low deacetylation may have limited water solubility, necessitating
0.1-2 % acetic acid or formic acid for solubilization, which can be
detrimental to bacteriophage survival. In the present work, we have
used chitosan (chitosan oligosaccharide, water-soluble grade, extra
pure, >90 % degree of deacetylation), which is biodegradable,
biocompatible, and non-toxic with the potential for pharmaceutical
applications and bacteriophage encapsulation [15]. Microparticles offer
severals advantages over nanoparticles as bacteriophage carriers. Their
larger size simplifies preparation, handling, and characterization,
enabling controlled and sustained release for prolonged therapeutic ef-
fects, while also protecting the active pharmaceutical ingredients
[16,17].

Further, we used trehalose to protect the bacteriophage viral capsid
from thermal stress and desiccation. Trehalose restores the conforma-
tional and structural stability of BP through hydrogen bonding or
vitrification, reducing protein mobility [18]. Additionally, water-
soluble grade chitosan oligosaccharide and SEPINEO™ P 600 (the
polymer acts as a thickener, an emulsifier, and a stabilizer all in one)
further improve the applicability, texture, and stability, of the final
formulation. As far as our current knowledge goes, this represents the
first comprehensive report on the usage of BPs against bacterial in-
fections caused by multiple species (S. aureus and P. aeruginosa).
Furthermore, we utilized advanced imaging techniques, including
photoacoustic and ultrasound imaging instrument, to evaluate wound
healing. The developed bacteriophage formulation was characterized
further by several in vitro and in vivo studies to establish the efficacy
against MDR bacterial infections.

2. Materials and methods
2.1. Materials

Muller Hinton Agar (MHA), TMG buffer (Tris hydrochloride, mag-
nesium sulfate, gelatine), Agar (bacteriological grade), Luria Bertini
(LB), antibiotics discs, and pure drugs (Colistin and Vancomycin) were
purchased from Himedia laboratories, Maharashtra, India. Chitosan
(extra pure, water-soluble, molecular weight < 3000 and degree of
deacetylation >90 %), trehalose dihydrate, and STPP (sodium tripoly-
phosphate) were acquired from Sisco Research Laboratories, Mumbai,
India. Filmtracer® Live/Dead Biofilm Viability Kit and DiD (DiIC18(5);
1,1'-dioctadecyl-3,3,3',3"- tetramethylindodicarbocyanine, 4-chloroben-
zenesulfonate salt) were bought from, Thermo Fisher, Waltham, USA.
Dulbecco’s Modified Eagle Medium (DMEM) media (Himedia Labora-
tories, Mumbai, India), Fetal Bovine Serum FBS (Sigma Aldrich, Ban-
galore, India), and Triton® X-100 (Sigma Aldrich, Bangalore, India)
used during the experiments were of molecular grade. All other chem-
icals and reagents used in this study were bacteriological and laboratory-
grade.

2.2. Methods

2.2.1. Bacterial stain collection

S. aureus (BHU/SA/4193) and P. aeruginosa (BHU/PA/1956) bacte-
ria were collected from a patient pus sample of a wound, under super-
vision of Professor Gopal Nath, Department of Medical Microbiology,
IMS, BHU, Varanasi, India. The obtained bacterial samples were sub-
cultured in MacConkey and blood agar media at 37 °C overnight.
Moreover, the bacterial strains were retained on nutrient agar slants at a
temperature of 4 + 1 °C until they were to be utilized in subsequent
experiments.

2.2.2. Antibiotic sensitivity test
In this study, antibiotic discs (Fig. S1, Tables S1 and S2), pure
colistin, and vancomycin were used to test the antibiotic sensitivity of
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bacterial strains using the Kirby-Bauer technique. Briefly, antibiotic
disks were placed in bacterial lawned Muller-Hinton agar plates and
overnight incubated at 37 °C. Muller-Hinton agar has the advantage of
allowing antibiotics to diffuse better than most other media. Inhibition
zones are more accurate when diffusion is better [19]. In addition, the
antimicrobial agents colistin (at concentrations ranging from 0.1 to 5
pg/mL) and vancomycin (at concentrations ranging from 0.1 to 5 pg/
mL) were subjected to testing against P. aeruginosa and S. aureus,
respectively. This testing was conducted using the standard broth
microdilution approach as outlined by the guidelines set forth by the
Clinical and Laboratory Standards Institute (CLSI) [20-22]. Based on the
CLSI guidelines, colistin MICs are <2 (susceptible) and >2 mg/L
(resistant), whereas vancomycin MICs are <1.5 (susceptible) and >2
mg/L (resistant Moreover, bacterial isolates are classified as MDR
(multidrug-resistant) when they exhibit resistance to a minimum of one
agent in three or more classes of antimicrobial drugs. In this experiment,
P. aeruginosa ATCC 27853 strain and S. aureus ATCC 25923 strains were
taken as controls.

2.2.3. Bacteriophage isolation, amplification, and purification

The BPs targeting the MDR bacteria P. aeruginosa and S. aureus have
been isolated from water samples collected from the Ganges River and
the sewage water of Sunder Lal Hospital (BHU). The collected water
samples were centrifuged at 9408 xg (REMI NEYA C-24 plus, India) for
15 min at 4 °C, and supernatants were collected. The process was
repeated thrice to remove settled bacteria and debris. After that, a filter
with a pore size of 0.45 pm was used to filter the supernatants. Further,
processed water samples were dropped in a separate lawned bacterial
MHA plate and overnight incubated at 37 + 1 °C. Following the incu-
bation period, the petri plates were determined for the appearance of
plaques and subsequently harvested using TMG buffer. The process of
culturing and harvesting was iterated until achieving complete bacterial
clearance, which was associated with a higher BP titer [23,24].

The BP concentration was enhanced by amplification, which
included three steps; firstly, the isolated BPs were dropped on lawned
bacteria in a small Petri plate (60 mm) and incubated at 37 °C for 16-18
h, and harvested. This process was repeated until complete bacterial
clearance of the entire plate was obtained. Secondly, the procedure
followed in step 1 was scaled up using a bigger size petri dish (140 mm).
Finally, BP concentration was amplified using a culture Roux bottle
(255 x 120 mm). The foreign materials (bacteria, agar media, endo-
toxin, etc.) were separated from BP by 0.22 pum syringe filtration fol-
lowed by polyethylene glycol (PEG) purification method [25].

2.2.3.1. Quantification of bacteriophage with plaque morphology. The
quantification of BPs was conducted using the double-layer agar overlay
(DLAO) method, and the results were expressed as the BP titer value
PFU/mL. Briefly, 200 pL of bacterial host and 1 mL BP Solution were
mixed in soft agar (0.8 % agar) in a molten state. The suspension of BP
and host was overlaid with bottom solid agar petri plates. The plates
were gently swirled, allowed to dry at ambient temperature for 10 min,
and subsequently incubated overnight at a temperature of 37 °C. On the
next day, the BP titer was quantified using the following equation [26].

Numberof plaques per ml

Bacteriophage titer (PFU/ml) =
acteriophage titer ( /mI) Dilution factor

Plaques from the DLAO test were examined for plaque size, halo
zones surrounding plaques, and rate of bacterial clearance [27,28]. The
experiment was repeated thrice to determine the average plaques.

2.2.3.2. Morphological evaluation of bacteriophage. In order to catego-
rize BPs according to their size, shape, and morphology transmission
electron microscopy (TALOS Cryo-TEM, Thermo scientific at SAIF-
AIIMS Delhi) was utilized The BPs suspension (13.6 mL, approxi-
mately 10°-10'° PFU/mL) were subjected to centrifugation at 30,000
xg for 60 min. The resulting pellet was then washed three times using
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0.1 M ammonium acetate (13.6 mL, pH 7.0). Subsequently, the pellet
was reconstituted in a solution of 200 pL. ammonium acetate. The pre-
pared samples, measuring 5 pL, were applied onto a carbon coated TEM
grid. Afterward, negative staining was performed using 5 pL of phos-
photungstic acid [29]. The average size of three TEM images of phages
was used to measure the size of BPs.

2.2.3.3. Bacteriophage lytic range with phagogram. The BP lytic range
(host specificity) was determined by using a modified phagogram spot
test [6,30] and verified by using the DLAO method on 46 bacterial
isolates, which have been mentioned in Table S3. In brief, 5 pL (10x
serially diluted) of BPs (BPSA®1 and BPPA®1) were dropped serially
from high to low concentration on separate dry petri plates (90 mm,
diameter) containing 0.8 % w/v soft agar combined with 200 pL (1 OD)
of individual bacterial species followed by overnight incubation at
37 °C. The following day, petri plates were visually examined for a clear
spot. The lysis activity was confirmed by performing the DLAO method
of lowest lytic active dilution and observed for the plaques. Each spot
test was performed in triplicate.

2.2.3.4. Adsorption rate assay. Aliquots of BPs were incubated (37 °C)
with host strain cultures at the MOI (0.01). At 0, 3, 6,9, 12, 15, and 18
min, samples (100 pL) were collected and centrifuged to separate the
bacterial cells. At each time interval, the supernatants were titrated for
the detection of unabsorbed BPs [31].

2.2.3.5. Singular step growth curve. To assess the growth cycle of BPs in
bacterial hosts (S. aureus and P. aeruginosa), a single-step growth curve
was used. This study aids in estimating the latent period and burst size of
phages BPSA®1 and BPPA®1. The standard approach, described by Ellis
E.L. and Delbruck M., was used to calculate the one-step growth curve
[32,33]. In brief, 8 x 10® CFU/mL of S. aureus and 2 x 10° CFU/mL of
P. aeruginosa were centrifuged at 6000 xg for 10 min and bacterial
pellets were combined with 10 mL of BPSA®1 and BPPA®1, respec-
tively. The bacteria were incubated at 37 °C with moderate agitation
(150 rpm) and a multiplicity of infection (MOI) of 0.01. Centrifugation
at 10,000 xg for 5 min was used to eliminate any non-adsorbed BPs. The
pellet was resuspended in 10 mL of LB media and put in an incubator. At
the time interval of 5 min (5-70 min), 100 pL of bacteria-adsorbed-BP
complex were collected. The sample set was diluted right away and
put on a plate for a DLAO technique for BP titer measurement. The
Experiment was conducted in triplicate. GraphPad Prism 5.0 was used to
plot the time series data, and the sigmoidal curves were used to figure
out the average burst size per infected host and the average latent
period.

2.2.3.6. pH, temperature, and UV light stability studies of bacteriophage.
To determine the pH stability, LB broth was prepared at different pH
ranges (1.5, 3.5, 6.8, 7.4, and 8.5) with 6 M NaOH and HClI solution. BP
suspension (1 mL) was added to each tube corresponding to each pH
value and incubated at 37 °C for 24 h. To determine the thermal stability
of the BP, 1 mL of its filtrate was incubated for 60 min at various tem-
peratures (37, 50, 55, 60, 65, and 70 °C). The UV sensitivity of the BPs
was tested by placing the 1 mL solution under a UV-C germicidal lamp
(UV T8/25W, 253.7 nm, Philips, Ved group, India) for the specified
duration (0, 5, 10, 15, and 20 min). The BP titer was determined after
the experiment using the DLAO technique. The Experiment was con-
ducted in triplicate [34-36].

2.2.3.7. Hemocompatibility assay of bacteriophages. Hemocompatibility
testing is an important study to predict the possible biocompatibility of
any material. The hemocompatibility assay of BP was performed by a
previously reported method with slight modifications [37].

The human blood sample was obtained from the blood bank,
collected in an EDTA tube, and centrifuged at 135 xg for 15 min to

International Journal of Biological Macromolecules 253 (2023) 127247

separate RBCs. The settled RBCs were washed thrice with PBS (pH 7.4),
and a 2 % suspension of RBCs was prepared in PBS (pH 7.4). Further,
100 pL (~ 10* PFU/mL) of each sample (BPSA®1 and BPPA®1) were
mixed separately, with 500 pL of prepared 2 % RBCs suspension and
incubated at 37 °C for 1.5 h with gentle shaking at every 15 min.
Further, each tube was centrifuged (212 xg for 5 min), the supernatant
(200 pL) was placed in 96 well plates, and the absorbance was recorded
at a wavelength of 545nm. The PBS (pH 7.4) and Triton™ X-100 (1 % v/
v) treated RBCs samples were used as the negative and positive control
groups, respectively. The experiment was repeated three times under the
same conditions. The following method was used to figure out the he-
molysis ratio (HR%);

(At — Anc) ,

1
(Apc — Anc) 00

Hemolysis ratio percentage (HR%) =

The variables At, Anc, and Apc represent the absorbance values of the
test samples, negative control, and positive control, respectively.

According to the American Society of Testing and Materials (ASTM,
2000), biomaterials are divided into three broad categories based on the
degree of hemolysis, i.e. (a) hemolytic if hemolysis (%) is >5 %, (b)
slightly hemolytic if hemolysis (%) is between 2 and 5 %, (c) non-
hemolytic if hemolysis (%) is <2 %. Additionally, the hemolysis was
qualitatively confirmed by microscope visualization following the
Leishman stanning technique [38].

2.2.4. Formulation and characterization

To ensure the suitability of excipients (chitosan, sodium tripoly-
phosphate, trehalose, and glycerol) for formulation development, a
compatibility assessment with BPs was conducted. The experimental
procedure involved incubating BPs in LB (LB broth is a rich nutrient
medium, originally developed for bacteriophage studies [39]) broth at
37 °C for 24 h, with each excipient at a 1:1 ratio. The determination of
the BP titer was conducted utilizing the DLAO method [40].

2.2.4.1. Bacteriophage microparticle preparation. Chitosan microparti-
cles (CHMPs) containing BPSA®1 (BPSA®1-CHMPs), BPPA®1
(BPPA®1-CHMP), and a combination of both BPs (MBP-CHMPs) were
prepared using the ionic gelation technique. For the preparation of blank
CHMPs, 650 mg of chitosan and 0.5 % w/v of D (+)-Trehalose dihydrate
were dissolved in 50 mL of PBS and filtered through a 0.45 pm filter. The
aqueous solution of sodium tripolyphosphate (STPP, 12 mg) was injec-
ted (gauge 28) dropwise into the solution under sterile conditions, with
constant magnetic stirring at a rate of 200 rpm, and at 25 °C. Separately,
1.0 mL of the BP suspension (BPSA®1 or BPPA®1 or both mixed
bacteriophage (MBP)) was added to the polymeric solution, and simi-
larly, STPP solution was added dropwise with continuous stirring to get
the BP-loaded CHMPs. To clean the pellets from the microparticles
(MPs), they were centrifuged at 3387 x g for 10 min, and then given two
washes with PBS (3 mL) and lyophilized [11,41]. The composition of the

Table 1
Composition of the various microparticle formulations.
Group Chitosan BPSA®1 Trehalose % BPPA®1 STPP
(mg) (PFU/mL) w/v) (PFU/mL) (mg)
Blank 650 - 0.5 - 12.0
CHMPs
BPSA®1- 650 4E+09 0.5 - 12.0
CHMPs
BPPA®1- 650 - 0.5 1.3E4+04 12.0
CHMPs
MBP- 650 4E+09 0.5 1.3E+04 12.0
CHMPs

Blank CHMPs: Blank chitosan microparticles.

BPSA®1-CHMPs: Bacteriophage against S. aureus chitosan microparticles.
BPPA®1-CHMPs: Bacteriophage against P. aeruginosa chitosan microparticles.
MBP-CHMPs: Mixed bacteriophage chitosan microparticles.
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various CHMPs has been presented in Table 1.

2.2.4.2. Microparticle incorporation into gel. The prepared microparti-
cles have been incorporated into the gel and applied topically to the
burn site. The microparticle-containing gel was made in a laminar-flow
aseptic environment. In brief, 5 mL of filtered SEPINEO™ P600 (2.5 %
v/v of total formulation), 1 g of lyophilized MBP-CHMPs, and 0.5 % of
sterilized glycerol were stirred at 200 rpm during 30 min to generate a
homogeneous gel. The gel was combined with BP microparticles, and
after resting overnight to allow for adequate swelling, it was named as
MBP-CHMPs gel [42]. The blank gel was formulated without incorpo-
rating MPs while the BPSA®1-CHMPs and BPPA®1-CHMP laden gel
were prepared by using the above method with the incorporation of 1.0
g of the individual MPs.

2.2.4.3. Analysis of particle size, polydispersity index, and zeta potential.
The zetasizer (Nanoseries Malvern Zetasizer, S90) was used to measure
the particle size (PS), polydispersity index (PDI), and zeta potential (ZP)
of the developed MPs by electrophoretic mobility and dynamic light
scattering technique. Microdispersion dilutions of 0.1 mL to 1 mL were
used to dilute samples in Millipore water for the analysis [43].

2.2.4.4. Determination of entrapment efficiency. The indirect method
was used to calculate entrapment efficiency (EE%) of BP in MPs. The
MPs were separated by centrifuging the mixture at 4 °C and 21,168 xg
for 15 min. After collecting the supernatant, it was diluted serially [44].
The DLAO technique was used to quantify the BP concentration in the
supernatant. Experiments were performed in triplicate. The following
equation was used to calculate the entrapment efficiency (EE%).

Total amount of incorporated BP — free BP

EE% = x 100

Total amount of incorporated BP

2.2.4.5. MBP-CHMPs-gel characteristics. The organoleptic characteris-
tics, including clarity and odor, as well as the homogeneity of the gel,
were assessed through visual examination. The viscosity of the BP-
CHMPs-gel sample was determined using a Brookfield viscometer DVE
with LV Spindle no. 61. The viscometer spindle was immersed in a
beaker containing 20 g of gel and rotated at a speed of 50 rpm at ambient
temperature. The viscosity of the samples was measured and recorded in
centipoise units [45]. Furthermore, the gel that was prepared underwent
screening through the utilization of a spreadability test. In a concise
manner, a quantity of 0.5 g of the gel was carefully transferred onto a
glass palate that had been previously marked with a circle measuring 2
cm in diameter. The spreadability of the gel was subsequently assessed
by applying a second glass plate on the upper surface, subjecting it to a
weight of 500 g for 5 min. The diameter of the circle was measured as it
expanded following the dispersion of the gel [46]. Every measurement
was performed three times, with a fresh sample each time.

2.2.4.6. Invitro release study. The dialysis bag method was employed to
conduct in vitro release studies of MPs loaded with BPSA®1 and
BPPA®1, as well as MPs laden gel [47]. In this experiment, formulations
were introduced into a glass beaker containing 100 mL of PBS with a pH
of 7.4. The entire setup was kept at a temperature of 37 °C and stirred
constantly at a rate of 50 rpm. At times, samples with a volume of 1 mL
were extracted for analysis. To ensure that the sink conditions were
maintained, the extracted samples were replaced with an equal volume
of fresh medium. The quantity of BP that was released, assessed through
the utilization of the DLAO methodology. The in vitro release studies
were performed in triplicate for each BP sample. To determine the
release kinetics, the data from the in vitro release were fitted to different
models [48,49].

2.2.4.7. Surface morphology. Scanning electron microscopy (SEM; Evo-

International Journal of Biological Macromolecules 253 (2023) 127247

Sem, Carl Zeiss Microscopy Ltd.) was used to assess the surface mor-
phologies of the prepared MBP-CHMPs, MBP-CHMPs-Gel, and blank gel.
A single droplet of MPs, diluted by a factor of 50, was applied onto a
coverslip. The droplet was evenly distributed and allowed to dry over-
night under a vacuum. Subsequently, a layer of carbon was applied to
the dried sample, and it was imaged using SEM. The imaging procedure
involved utilizing a lyophilized sample of gel containing MPs, employing
the same methodology [47].

2.2.5. In vitro antibacterial studies

2.2.5.1. Spot test. The qualitative assessment of BPSA®1-CHMPs,
BPPA®1-CHMPs, MBP-CHMPs, blank CHMPs, blank gel, and MBP-
CHMPs-Gel was conducted using a drop test method against S. aureus
and P. aeruginosa bacteria. In brief, a volume of 20 pL from each sample
(performed in triplicate) was applied onto a bacterial lawned MHA plate
with a density of 0.5 McFarland units. The plates were then incubated at
a temperature of 37 °C for the duration of one night. Following the in-
cubation period, the activity of the samples was assessed through the
observation and measurement of the clear zone.

2.2.5.2. Minimum inhibitory concentration & minimum bactericidal con-
centration. The minimum inhibitory concentration (MIC) determined
for three distinct groups, namely BPSA®1-CHMPs, BPPA®1-CHMPs,
and MBP-CHMPs, were assessed following the guidelines established by
the CLSI. This evaluation was conducted on planktonic cultures of the
host organisms S. aureus and P. aeruginosa, utilizing the microbroth
dilution method. In brief, S. aureus, P. aeruginosa, and a combination of
both bacterial strains were cultured individually in LB broth at a con-
centration of 2.3 x 108 CFU/mL. Subsequently, a series of dilutions were
performed on 100 pL of MPs (specifically BPSA®1-CHMPs, BPPA®1-
CHMPs, and MBP-CHMPs) with concentrations ranging from 0.1 to 10
mg/mL. These diluted samples were then added to individual wells. The
experimental setup included the maintenance of corresponding bacterial
controls, which consisted of bacteria grown in LB medium. Controls for
the corresponding bacteria (bacteria cultured in LB broth), bacterio-
phages (BPs stock solution), and medium were maintained. Microtiter
plates were incubated for 37 °C for 24 h while being gently shaken at a
rate of 20 rpm. The MIC was determined to be the lowest concentration
of BP at which there was no evidence of turbidity [47].

The CLSI procedure was also used to determine the minimum
bactericidal concentration (MBC). After 24 h of growth at 37 °C, no
visible growth was seen in the wells of microplates, consequently, a
sample (100 pL) was collected from those wells and put on the top of
MHA plates. The sample was kept at 37 °C for a full 24 h. MBC stands for
the minimum concentration of the drug at which no colonies formed.
The absence of growth on the MHA plate meant that the concentration
was lower than the 10 CFU/mL threshold used in this assay [50]. Ex-
periments were repeated three times.

2.2.5.3. Antibiofilm assay. The capacity of BPs to eradicate established
biofilms and the ability to prevent biofilm development was determined
using antibiofilm assay. The antibiofilm effectiveness of BPSA®1-
CHMPs, BPPA®1-CHMPs, and MBP-CHMPs was evaluated using a
crystal violet quantitative microtiter plate test [51,52]. In short, 180 pL
of LB growth medium containing 20 pL of bacteria (S. aureus and, 0.5
OD600nm) were transferred (separately and in combination (10 + 10
L)) in a sterile microtiter plate and incubated (37 °C) for 48 h.
Furthermore, planktonic bacteria were removed out, and 200 pL (2x
MIC) of MPs were added to each well. The wells were then left to
incubate for 24 h. After incubation, the sample was taken out of the
microplate wells and washed extensively with PBS (pH 7.4) to get rid of
free floating bacteria that hadn’t adhered to the surface. The microplate
were then allowed to air-dry for 60 min. After drying, adhered “sessile”
bacteria in the plates had been fixed with sodium acetate (2 % w/v),
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then submerged with crystal violet (1 % w/v) dye and left in a dark
environment for 30 min. The leftover color was carefully removed from
the wells using deionized water and dried. After the plate had dried, 200
pL of 95 %, v/v ethyl alcohol was added to each well. A multiscan plate
reader (Thermo Fisher Scientific) was used to measure the absorbance
(620 nm). Control wells contained only growth media inoculated with
the tested bacterial isolates. The mean of the three measurements has
been reported. The percentage of inhibition of biofilm formation was
calculated using the following equation.

Optical density of control — Optical density of treatment

Inhibition% = 100

Optical density of control

Further the biofilm formation prevention were determined by incu-
bation of bacteria, formulations in LB growth media incubated for 48 h
and checked the biofilm formation with compare to control biofilm.

2.2.5.4. Microscopy of biofilm. The overnight cultures of S. aureus, P.
aeruginosa, and a blend of both bacteria were distributed into a 12-well
culture plate equipped with sterile round coverslips. Subsequently, the
plate was placed in an incubator and left undisturbed for a period of 48
h. After incubation, the formed biofilm was treated with BPSA®1-
CHMPs, BPPA®1-CHMPs, and MBP-CHMPs in a concentration of (~10°
PFU/mL) and then incubated further for 24 h. Next, the glass slide was
washed by using PBS, and Filmtracer Live/Dead Biofilm Viability Kit
was used for staining cells inside the extracellular matrix. Glass slides
were submerged in SYTO9 (6 pM) and propidium iodide (30 pM)
staining solution for 30 min. After staining, the glass discs were washed
with PBS, and images were captured by confocal microscope (CLSM 900,
Carl Zeiss Microscopy GMBH) at 40x magnification [53]. Further, the
eradication of polybacterial biofilm was confirmed by SEM (Carl Zeiss
Microscopy Ltd.) and Atomic Force Microscopy (AFM, NTEGRA Prima,
NT-MDT) [54].

2.2.5.5. Cytotoxicity study. The methylthiazolyldiphenyl-tetrazolium
bromide (MTT) assay was used to assess the safety and impact of chi-
tosan microparticle formulations and BP treatment on the viability of
HEK-293 cells [55,56]. HEK-293 cell lines were graciously donated by
Prof. Subash Chandra Gupta, Department of Biochemistry, Institute of
Science, Banaras Hindu University. Cells were cultured in DMEM me-
dium with 10 % FBS and 1 % penicillin-streptomycin at 37 °C in a hu-
midified chamber. Briefly, cells were seeded in a 96-well plate at the
density of 1 x 10° cells per well and incubated for 24 h for cell
attachment. Further, media was aspirated, fresh media containing
different bacteriophage formulations (BPSA®1-CHMPs, BPPA®I-
CHMPs, and MBP-CHMPs), as well as pure BP at a level of 10° PFU/mL,
was added, and incubated for 24 h. Additionally, PBS (pH 7.4) was used
as a negative control, and 1 % triton X-100 was used as a positive con-
trol. Following the completion of the incubation period, the media was
aspirated and replaced with the fresh media containing MTT (0.5 mg/
mL) followed by further incubation for 4 h. After incubation, this media
was discarded and DMSO (100 pL) was added to dissolve the insoluble
formazan crystals. A spectrophotometer was used to measure cell
viability at 580 nm (Multiskan™ FC Thermo Fisher Scientific, India).
Experiments were repeated three times. The toxicity caused by formu-
lations and bacteriophages was measured in terms of percentage cell
viability parameters.

2.2.6. In vivo studies

Female/male Wistar rats (200-250 g) were used for the study and all
the animal experiments conducted in this study received ethical
approval from the Institutional Animal Ethics Committee (IAEC), IIT
BHU, Varanasi, Uttar Pradesh, India. The animals were randomly
assigned to five groups, with each group consisting of five animals (n =
5).
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2.2.6.1. In vivo wound healing study with USG/PA monitoring. Rats were
administered intraperitoneal ketamine (80 mg/Kg) and xylazine (20
mg/kg) for anesthesia induction before developing the burn wound. A
stainless-steel rod with a cylindrical shape and a diameter of 1.5 cm was
heated to a temperature of 100 °C by immersing it in boiling water.
Subsequently, the heated rod was carefully positioned on the dorsal
region of the rat for a duration of 20 s. After 6 h of wound creation,
S. aureus bacterial dispersion (100 pL; 1 OD), P. aeruginosa bacterial
dispersion (100 pL; 1 OD), and a mixture of both the dispersions (100 pL;
1 OD; 1:1 ratio) was injected subcutaneously and swabbed on the wound
area for continuous two days. This process was intended to induce a
bacterial infection and promote the formation of a strong biofilm within
the wound. Animals were randomly divided into five groups (n = 5);
group 1: control group (without treatment), group 2: treatment with
marketed formulation, Silvadene® cream (silver sulfadiazine, SSD 1.0
%), group 3: treatment with BPSA®1-CHMPs gel, group 4: treatment
with BPPA®1-CHMPs gel, group 5: treatment with MBP-CHMPs gel. The
therapeutic efficacy in promoting wound healing of the developed for-
mulations was assessed by wound area reduction measured by a scale on
different days until the completion of re-epithelialization. Simulta-
neously, the measurement of wound volume and oxygen saturation was
conducted using an Ultrasound/Photoacoustic (USG/PA) imaging sys-
tem (VisualSonics, Vevo F2 LAZR-X PA scanner, UHF 48 transducer)
[57,58]. After the development of an infection, in each group, BP loaded
formulation (500 mg) was applied twice daily, and wound healing was
evaluated. Wound re-epithelialization was quantified using a scale;
[percentage wound retraction on day X = (wound area on day zero -
wound area on day X) / (wound area on day zero)], and angiogenesis
was validated using USG/PA imaging. The length of time for re-
epithelialization was calculated as the number of days needed for
wound healing and for the eschar to come off, leaving no raw wound
remaining.

Once the animal’s wound had completely regenerated a new layer of
epithelium, the skin at the wound site and highly vascular organs were
carefully excised. These samples were then preserved in formalin for
fixation. Subsequently, they underwent processing and embedding in
paraffin to facilitate sectioning. Slices with a thickness of 5 pm were
prepared and stained using the hematoxylin and eosin method for
microscopic examination. The duration of re-epithelialization was
determined by calculating the number of days required for complete
wound healing and for the eschar to come off, leaving no raw wound
remaining.

2.2.7. Gel occlusion and bioimaging study

MPs and gels loaded with DiD dye were formulated to enable fluo-
rescence imaging of the wound area following their application. The
Photon Imager Optima System (Biospace Lab, France) was employed for
capturing the fluorescence images. The in vivo wound-healing animals
were reused in this study, with three animals in each group. Animals
were anesthetized under a continuous flow of 3 % isoflurane and fluo-
rescence signals were captured at excitation and emission wavelengths
of 620 and 710 nm, respectively at 0.5, 1, 2, 4, and 6 h post-application
of the free DiD and DiD loaded formulation. The radiant efficiency
(measured as fluorescence intensity/area/time) was analyzed using the
Biospace Lab imaging software (M3Vision), and the region of interest
(ROI) tool was used for circling the wound area.

2.2.8. Stability studies

BP suspension, BP microparticles, and BP microparticles gel were
sealed and stored (in triplicate) at 4 °C for 8 months. At the end of each
month, the samples were enclosed within a dialysis bag and maintained
in 50 mL of sterile PBS (pH 7.4) for a period of 24 h, separately. Sub-
sequently, the viability and ability to lyse host bacteria were evaluated
using the DLAO [59].
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2.2.9. Statiscal analysis BPPA®1 (BP against P. aeruginosa).
The experimental findings from both in vitro and in vivo studies were
reported as the Mean + SD, with a sample size of 3 (in vitro) and 5 (in 3.2.1. Plaque assay

vivo). Statistical analysis was performed using GraphPad Prism 5.0. One- The plaque assay was used for growing isolated plaques of BP par-

way ANOVA and post Tukey’s test was utilized to determine the level of ticles within a lawn of bacteria, and DLAO was used to quantify the

statistical significance between groups. ns (p > 0.05), * (p < 0.05), ** (p grown BPs. The resultant plaque shows a clear, round shape, neat border

< 0.01), and *** (p <0.001) were considered statistically significant with an average size of 1.03 & 0.12 mm for S. aureus (Fig. 1A) and 4.8 +
levels. 0.45 mm for P. aeruginosa.

Researchers reported, tiny, pinpoint plaques of BP (2 + 0.23 mm)

3. Results and discussions isolated against S. aureus and small, clear, round plaques of BP against

P. aeruginosa with a diameter of approximately 2 + 0.23 mm [61-63].

3.1. Antibiotic sensitivity test Additionally, it has been stated that Lytic BPs exhibit clear plaques,

whereas lysogenic bacteriophages display turbid or bulls-eye plaques

Susceptibility of the bacteria towards the antibiotics was performed [64]. However, only molecular genome sequencing can assure the ex-

by antibiotic susceptibility test. S. aureus demonstrated susceptibility istence of lytic and lysogenic BP [65].

(Fig. S1, Table S1) towards co-trimazole (30 pg), ampicillin (10 pg) +

sulbactam (10 pg), cefepime (30 pg), linezolid (30 pg), clindamycin (2 3.2.2. Morphological evaluation of bacteriophage

ug), amikacin (30 pg), and vancomycin (MIC = 1.80 pg/mL) and resis- The morphological analysis of the BPs by TEM showed that BPSA®1
tance against ampicillin (10 pg), cefotaxime (30 pg), gentamycin (10 (Fig. 1B) has an icosahedral head capsid with a diameter of 88.9 nm, tail
ug), penicillin (10 pg), erythromycin (15 pg), and ciprofloxacin (5 pg). (115.2 nm long), and tail fibers, which is flexible with a full length of
Similarly, P. aeruginosa showed susceptibility towards (Fig. S1, Table $2) 201.1 nm. Similarly, BPPA®1 (Fig. 1D) TEM images showed an icosa-
polymyxin B (300 unit), piperacillin + tazobactam (100 pg +10 pg), and hedral head capsid (143.7 nm), long thin tail (193.7 nm), thin tail fibers,
colistin (MIC 1.5 pg/mL). However, P. aeruginosa demonstrated resis- and flexible with full length up 337.3 nm. According to the latest
tance to the antibiotics such as ofloxacin (5 pg), amikacin (10 pg), guidelines set forth by the International Committee on Taxonomy of
norfloxacin (10 pg), piperacillin (100 pg), ceftazidime (30 pg), genta- Viruses (ICTV), BPSA®1 and BPPA®1 have been assigned as members of
mycin (10 pg), aztreonam (30 pg), cefepime (30 pg), imipenem (10 pg) the Caudoviricetes class.

and meropenem (10 pg) antibiotics. The obtained data suggested that

both S. aureus and P. aeruginosa bacteria were resistant to multiple an- 3.2.3. Lytic range of bacteriophage

tibiotics and hence could be considered MDR strains. MDR P. aeruginosa- As per phagogram spot testing and confirmation by DLAO, it was
S. aureus co-infections have been reported to be more dangerous than ~ noted that both BPSA®land BPPA®1 depicted a limited host range, only
single infections of either species [60]. impacting 10.86 % and 15.21 % of the 46 bacterial hosts (Table S3),

respectively. Therefore, the available data indicated that both BPs are
host-specific, making them the best candidates for personalized treat-
ment. Commonly BPs are believed to infect only a small subset (narrow
range) of closely related bacteria [66]. Biochemical interactions
throughout infection, the existence of related prophages, and the

3.2. Bacteriophage isolation, amplification, and purification

BPs were successfully isolated, amplified (~10'2 pfu/mL quantified
by DLAO) (Fig. 1A), and named as BPSA®1 (BP against S. aureus) and
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Fig. 1. Bacteriophage isolation and characterization, where (A) and (C) represents Bacteriophage plaques obtained by double layer agar overlay of S. aureus and
P. aeruginosa; (B) and (D) represents the TEM image of BPSA®1 bacteriophage and BPPA®1 bacteriophage, respectively. Growth and lytic characterization, where (E)
represents the absorption rate and (F) shows one-step growth curve of BPSA®1 and BPPA®1; (G) and (H) show a graphical representation of the pH and temperature
stability of BPSA®1 and BPPA®1 BPs. Data for the release study has been presented as Mean + SD (n = 3).
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specificity of host receptor binding proteins for individual BPs are the
common reasons for this observation [67]. However, certain isolated
BPs have broad-spectrum action against S. aureus bacteria while having
without affecting other bacterial strains [68].

3.2.4. Adsorption rate assay

A study was conducted to determine the rate of BP adsorption onto
the surface of host bacteria using an adsorption assay. The graph ob-
tained (Fig. 1E) illustrates the attachment of BPSA®1 and BPPA®1 to
their respective host cells, S. aureus and P. aeruginosa. The data shows
that approximately 50 % of the BPs were attached to the host cells
within 6 min, and 96 % of the BPs were adsorbed to the host cells within
12 min. Marzia et al., found a similar pattern for the adsorption rate of
BP SAP-26 on the surface of S. aureus (WS-05 strain) bacteria. The study
revealed that over 95 % of SAP-26 BP adsorbed to the susceptible strain
of S. aureus within 9 min [69]. Imam et al., found that BP (MIJ3)
exhibited a 95 % adsorption rate on the surface of P. aeruginosa host cells
within 20 min [70].

3.2.5. Singular step growth curve

To assess the growth rate of BPSA®1 and BPPA®1, as well as the
latent period and burst size per infected bacterial cell, the singular-step
growth curves of the study were performed. The obtained data were
analyzed, and triphasic curves were plotted (Fig. 1F), it was observed
that the BPSA®1 and BPPA®1 had a latent period of 30 and 15 min. In
terms of burst size, BPSA®1, and BPPA®1 exhibit 75 and 112 PFUs per
infected host cell. The burst size and latency period are essential factors
to consider in the context of BPs potential therapeutic applications. Han
et al. found that Staphylococcus bacteriophage SAH-1 had 20 min latent
period and 100 PFU/cell burst size [71]. The same factors were also
observed for the BP SA (30 min, 1000 PFU/cell) and MSA6 (15 min, 23
PFU/cell) [72,73]. The higher burst size and shorter latent duration are
thought to be advantageous, although there are situations when the host
bacterial cell density is low and a prolonged latent period is required
[74]1.

3.2.6. pH, temperature, and U.V. stability studies of bacteriophage

This study was carried out to determine the optimal pH and tem-
perature for the development of BP formulations. The PFU of both BP
(BPSA®1 and BPPA®1) titer was higher in the range of pH 6.8-7.4 and a
temperature range of 4-40 °C, but no active BP was found at pH 1.5, pH
9.5, and above 80 °C (Fig. 1(G) and (H)).

Furthermore, within 5 min following UV exposure, the BP titer
decreased to half of the initial titer and reached to non-measurable limit
within 10 min indicating the poor acceptability of the UV sterilization
for the BP formulations. The formulation can be prepared within pH
6.8-7.4 at a temperature below 40 °C. A similar study conducted by
Feng et al., investigated the impact of temperature and pH on the
viability of coliphages (MS2 and Qp) in both wastewater and water. The
BPs exhibited the lowest inactivation rate when subjected to pH levels
ranging from 6 to 8 and temperature ranges between 5 °C-35 °C [75].
Furthermore, several studies have shown that pH values below 4 and
above 9, as well as temperatures above 40 °C, generally restrict BP ac-
tivity and viability [76-78]. The highly acidic pH and extreme tem-
perature cause protein denaturation and destruction which
compromises the BPs ability to regulate biologically [79].

3.2.7. Hemocompatibility assay of bacteriophages

The hemolysis study suggested the hemocompatibility nature of the
BPs. According to national biological safety guidelines, if the rate of
hemolysis is <2 %, the BPs are classified as non-hemolytic. The hemo-
lysis rates of BPSA®1 and BPPA®1 BPs were found to be 1.06 + 0.08
and 0.91 + 0.014, respectively. The hemocompatibility study demon-
strated that BPs are hemocompatible and nonhemolytic to RBCs (Fig. 2).
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(c) (D)

Fig. 2. Represents the images of the hemocompatibility study (40x resolution),
where (A) positive control group (distilled water), (B) negative control group
(normal saline), (C) BPSA®1 BP, and (D) BPPA®1 BP.

3.3. Formulation and characterization

The chitosan microparticles were developed by the ionic gelation
method in the presence of STPP. BPs were dispersed in the polymeric
solution of the chitosan and the gradual addition of the STPP under
magnetic stirring triggered the ionic crosslinking of the chitosan amine
groups (positively charged) and phosphate groups (negatively charged)
of the STPP while the dispersed BPs got entrapped inside the polymeric
matrix during the crosslinking and formation of chitosan microparticles.

BPs and excipients (chitosan, trehalose, STPP, glycerol, and Sepi-
neo™ P 600) compatibility study was performed by incubating the BP in
the presence of excipients for 24 h at 37 °C. It was observed that there
was no significant decrease in the titer of BP. This observation strongly
suggests that the selected excipients used in the formulation are
compatible with BP. The absence of any decline in the titer indicates that
the excipients do not negatively impact the stability or viability of the
BPs. The data for particle size, PDI, zeta potential, and entrapment ef-
ficiency of the optimized formulation have been presented in Table 2.
Further, the prepared MPs were incorporated into the Sepineo™ P 600
gel. Based on the effectiveness of the BPs entrapment as well as its

Table 2
Particle size, Polydispersity, Zeta potential, and entrapment efficiency of
developed MPs.

Formulations Particle Polydispersity Zeta EE% (Mean +
size (pm) (Mean + SD*) potential SD *)
(Mean + (mV) (Mean
SD*) +SD *)
Blank CHMPs  0.845 + 0.254 + 0.086 18.20 + -
0.264 0.249
BPSA®1- 1.197 + 0.454 + 0.015 26.36 + 88.68 +£1.17
CHMPs 0.117 0.207
BPPA®1- 1.423 + 0.196 + 0.047 29.04 + 82.55 +£1.22
CHMPs 0.210 0.368
MBP-CHMPs 2.846 + 0.431 + 0.066 32.11 + 87.56 + 1.03
0.288 0.593 (BPSA®1) and
79.52 £+ 0.84
(BPPA®1)

Data has been presented as Mean + SD, *n = 3; SD: Standard deviation.
Blank CHMPs: Blank chitosan microparticles.

BPSA®1-CHMPs: Bacteriophage against S. aureus chitosan microparticles.
BPPA®1-CHMPs: Bacteriophage against P. aeruginosa chitosan microparticles.
MBP-CHMPs: Mixed bacteriophage chitosan microparticles.
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suitability for use in both moderate and severe deeper wound infections
for local effect, the BP loaded microparticle size was optimized. In
addition, BP microencapsulation using chitosan and other polymers has
been reported in several studies against numerous infectious diseases
[41,80,81].

3.3.1. BP-CHMPs-gel characteristics

The BPSA®1-CHMPs-gel, BPPA®1-CHMPs-gel, and MBP-CHMPs-gel
were found odorless, homogenous, translucent, and effortless spread-
ability, had a viscosity of 3298.24 + 0.047, 3370.18 + 0.63, and 3384.6
+ 0.88 cP, respectively. Hence, the obtained data suggested that SEPI-
NEO™ P 600 is a good candidate for the preparation of BP
microparticles-based gel formulation.

3.3.2. In vitro bacteriophage release study

The release patterns of free BPSA®1, BPPA®1, BPSA®1-CHMPs,
BPPA®1-CHMPs, MBP®1-CHMPs, and MBP®1-CHMPs-gel are depicted
in Fig. 3A and B. The free BPs (BPSA®1 and BPPA®1) completely
released within 30 min, whereas the BP release from BPSA®1-CHMPs
and BPPA®1-CHMPs were 94.81 + 3.71 % and 91.73 + 2.53 %
respectively, in 12 h. Moreover, BP release from BPSA®1-CHMPs gel
and BPPA®1-CHMPs gel showed 79.556 + 1.960, and 73.1250 + 1.480
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% respectively, in 12 h. Furthermore, BPSA®1 and BPPA®1 release from
MBP-CHMPs was 94.00 + 2.16 and 96.16 + 1.30 % in 12 h. Besides that,
the gel effect on BP release (BPSA®1 and BPPA®1) from MBP-CHMPs-
gel was investigated and observed that 74.55 + 2.06 and 70.30 +
1.27 % of BPSA®1 and BPPA®1 were released in 12 h, respectively.
Hence, the obtained data suggested that the incorporation of the MPs in
the gel further sustained the BP discharge and could produce an anti-
bacterial activity for a longer duration. BPSA®1 release from both MPs
was considerably higher than BPPA®1, which could be attributed to the
smaller size of BPSA®1 than BPPA®].

As determined by BP release kinetics, the correlation coefficient
values are shown in Table 3. According to the regression coefficient
values, the release kinetics of free BPs (BPSA®1 and BPPA®1) follow the
first-order kinetics, and microparticles and microparticle-loaded gel
formulations follow the Korsmeyer-Peppas models which confirms a
combination of diffusion and erosion as the mechanism of BP release
from chitosan microparticle matrix and gel.

In a study conducted by Jamaledin et al., the authors developed BPs-
loaded PLGA microparticles using a double emulsification approach. A
sustained release phenomenon was observed in the formulations of BP-
loaded microparticles, characterized by an initial rapid release followed
by a gradual and prolonged release over a period [82]. Likewise,
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Fig. 3. Invitro release of the BP from A) free BP, BPSA®1-CHMPs, BPPA®1-CHMPs, BPSA®1-CHMPs gel & BPPA®1-CHMPs gel and B) BPs release profile from MBP-
CHMPs and MBP-CHMPs laden gel at pH 7.4. Morphological examination of the microparticles and gel formulation. SEM images of C) BPSA®1-CHMPs, D) BPPA®1-
CHMPs, E) MBP-CHMPs, F) Blank gel, and G) MBP-CHMPs loaded gel. Data for the release study has been presented as Mean + SD (n = 3).
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Table 3
Correlation coefficient values following the release data fitting in different
models.

Batch Zero- First- Korsmeyer- Higuchi Hixson-
order order Peppas %) %) Crowell
) (9] (9]

BPSA®1 0.7819 0.9992 0.9006 0.9159 0.8993

BPPA®1 0.8380 0.9984 0.8961 0.9090 0.8662

BPSA®1- 0.9283 0.9109 0.9989 0.9302 0.9144
CHMPs

BPPA®1- 0.9051 0.9033 0.9973 0.8996 0.9354
CHMPs

BPSA®1- 0.8985 0.8762 0.9969 0.8944 0.8879
CHMPs gel

BPPA®1- 0.8902 0.8590 0.9948 0.8549 0.8973
CHMPs-gel

BPSA®1 from  0.9193 0.9004 0.9982 0.9277 0.9089
MBP-
CHMPs

BPPA®1 0.9010 0.9226 0.9961 0.9031 0.8972
from MBP-
CHMPs

BPSA®1 from  0.8380 0.8889 0.9958 0.9323 0.8847
MBP-
CHMPs-gel

BPPA®1 0.8091 0.8854 0.9930 0.9013 0.8015
from MBP-
CHMPs-gel

Yongsheng et al., formulated BP-loaded microparticles to combat the
cystic fibrosis-causing S. aureus. The release profile of BP, when loaded
onto the microparticles, exhibited an initial burst release of the BP fol-
lowed by a sustained release over 12 h [83].

3.3.3. Surface morphology

The MPs were scanned using SEM to determine their surface
morphology. Formulated MPs (Fig. 3C, D, E) were observed to be ho-
mogeneous with somewhat spherical. An interwoven network of irreg-
ular fibers was observed in the blank gel and MBP-CHMPs gel (Fig. 3F
and G). The spaces observed in the interwoven network of MBP-CHMPs
gel were less than blank gel and might be ascribed to the incorporation
of the MPs in these spaces. Martins et al. reported similar observations of
irregularly shaped large clusters in chitosan/tripolyphosphate micro-
particles [84]. However, the type, quantity, and formulation procedure
as well as the solvent environment all affect the morphology of chitosan
microparticles [85].

3.4. Invitro antibacterial studies

3.4.1. Spot test

Spot tests were performed to evaluate the formulation qualitative
antibacterial activity efficacy. Blank CHMPs showed unclear little (2 +
0.08 mm) while the blank gel had no antimicrobial action, whereas
BPSA®1-CHMPs (10.46 + 1.36 mm) and BPPA®1-CHMPs (12.12 +
1.02 mm) both exhibited antibacterial activity against S. aureus and
P. aeruginosa, respectively. Moreover, MBP-CHMPs (12.63 + 0.75) and
MBP-CHMPs-gel (13.33 + 0.56) showed antibacterial efficacy against
both bacteria. In addition, several studies have shown the efficacy of
spot tests for determining the lytic activity of BPs against specific bac-
terial strains [68,86-91].

3.4.2. MIC and MBC

The MIC values of BPSA®1-CHMPs, BPPA®1-CHMPs, and MP-
CHMPs, following 24 h of incubation, were found to be 150 + 2.03,
170 + 1.08, and 160 + 1.81 pg/pL, respectively (Table 4). Further,
obtained MBC values of BPSA®1-CHMPs, BPPA®1-CHMPs, and MP-
CHMPs were 180 + 2.01, 185 + 1.09, and 175 + 1.05 pg/pL, respec-
tively. The findings revealed no synergistic or antagonistic interaction
between BPs (BPSA®1 and BPPA®1).
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Table 4
Antibacterial activity of the developed BP loaded MPs.

Formulation MIC (pg/pL) MBC (pg/pL) Biofilm eradication (%)
Blank CHMPs - - 10.01 £ 0.3
BPSA®1-CHMPs 150 + 2.03 180 + 2.01 88.43 + 1.04
BPPA®1-CHMPs 170 + 1.08 185 + 1.09 81.31 £ 0.53
MBP-CHMPs 160 + 1.81 175 + 1.05 85.68 + 0.28

MBP-CHMPs showed MIC as 160 + 1.81 pug/pL against a mixture of
S. aureus and P. indicating that BPSA®1-CHMPs and BPPA®1-CHMPs
formulations are independently active against respective bacteria. MBP-
CHMPs showed intermediate activity, which is higher than BPSA®1-
CHMPs and lower than BPPA®1-CHMPs. The study conducted by Luo
et al. assessed the MIC of BP YC#06, antibiotic, and their combination
against A. baumannii bacteria. It has been found that the MIC of anti-
biotics decreased when combined with BP due to the synergistic effect
[92]. Although, treating polybacterial infections is more difficult and
challenging than treating infections caused by a single bacterial infec-
tion [93].

3.4.3. Antibiofilm assay

The formation of biofilms over burn wound sites is one of the main
causes of burn treatment failures. The success of the treatments is gov-
erned by the eradication of the biofilm from the wound. This study was
carried out to evaluate the antibiofilm potential of the developed
formulation against the biofilm that was grown for 48 h (Fig. 4A).

The results depicted that BPSA®1-CHMPs, BPPA®1-CHMPs, and
MBP-CHMPs had significant (P < 0.05) biofilm eradication with 88.43
+ 1.04, 81.31 + 0.53, and 85.68 + 0.28 %, respectively. In contrast,
after 24 h of treatment, the blank CHMP-treated group showed only
10.01 + 0.3 % eradication of S. aureus biofilm, 7.41 £ 0.38 % eradica-
tion of P. aeruginosa biofilm, and 6.62 + 0.94 % eradication of mixed
biofilm, which is insignificant as compared with the control biofilm.
(Table 4, Fig. 4A). Further study also revealed that the developed
formulation prevents biofilm formation by >90 %. BPs prohibit biofilm
development by a) inhibiting cell-to-cell signaling (quorum sensing), b)
penetrating mature biofilms, c¢) producing EPS degrading enzymes,
endolysins, hydrolase, and polysaccharide depolymerase, d) lysing the
bacterial cell, and e) host specific lytic activity [94-96]. Chitosan has an
anti-biofilm effect because of the functional amino groups of N-acetyl-
glucosamine units. The positive charge of chitosan reacts electrostati-
cally with the negatively charged biofilm components such as EPS, DNA,
and proteins, resulting in bacterial biofilm inhibitory action [97].
Several studies suggest that using BP in combination with chitosan could
improve their effectiveness. Abdelsattar et al. conducted a similar
investigation and discovered that chitosan and BP have additive inhib-
itory effects on Gram-positive and Gram-negative bacteria and the for-
mation of biofilms [98]. According to Adnan et al. findings, treatment
with MA-1 BP for 6 h resulted in a significant eradication (99.9 %) of 74-
h-old biofilms when compared to the control group [99].

3.4.4. Microscopy of biofilm

Morphological evaluation of biofilms provides valuable insights into
the spatial arrangement that occurs within them as well as with the
supporting surfaces. Biofilm grown on a glass slide was observed by the
SEM, CLSM, and AFM (Fig. 4). CLSM (Live/dead staining) images show
thick live bacteria green structures in control groups (untreated) of
S. aureus (Fig. 4C, first row), P. aeruginosa (Fig. 4C, second row), and
combination of these two bacteria (Fig. 4C, third row). Treatment with
BPSA®1-CHMPs, BPPA®1-CHMPs, and MBP-CHMPs depicted dead
bacteria in red color with reduced biofilm thickness.

Additionally, SEM (Fig. 4B) and AFM (Fig. 4D) analysis found that
control biofilms (S. aureus cells (spherical), P. aeruginosa (rod), and a mix
of both bacteria (spherical and rod demonstrated intricate arrangements
of multi-layered cell clusters intertwined within a matrix composed of
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Fig. 4. Antibiofilm effect of BPs formulations BPSA®1-CHMPs, BPPA®1-CHMPs, and MBP-CHMPs on S. aureus, P. aeruginosa and a mixed bacterium (both),
respectively, were observed by different microscopy techniques, where (A) treatment effect of different BPs formulations on biofilms, (B) scanning electron mi-
croscopy of untreated and treated biofilms (C) represents confocal laser scanning microscopy (SYTO 9 green is indicative of live cells while P.I. red is indicative of
dead bacteria) and (D) Atomic force microscopy of control and treated biofilms with 2D & 3D representation (20 x 20 pm area). The control group did not receive
any treatment, and the treatment group was treated with BPs microparticle formulations. Data is shown as mean + SD (n = 3). The statistical analyses were
conducted using a one-way analysis of variance (ANOVA). *** indicates the p < 0.001 as compared to the negative control. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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extracellular biological substances before treatment. Following incuba-
tion with the different BP formulations, biofilm was significantly
reduced compared with the control group. It was also observed that
mixed bacterial biofilm was more dense than individual bacterial bio-
film. The result suggested that MBP-CHMPs were effective against the
mixed polybacterial biofilm. Biofilms typically demonstrate a greater
proportion of persisters cells compared to planktonic populations,
thereby enhancing their capacity to endure antimicrobial challenges
[100]. In a recent study conducted by Duarte et al., the researchers
investigated the combined impact of BP philPLA-RODI and the BP-
derived lytic protein CHAPSH3b on robust biofilm formation by
S. aureus15981 and S. aureus V329 strains [101]. The researchers con-
ducted a visual examination of the 24-h-old biofilms using confocal laser
scanning microscopy (CLSM). They observed that the combination
treatment resulted in the greatest degree of bacterial cell death.
Furthermore, a plethora of research studies have been conducted to
demonstrate the advantages of utilizing SEM, CLSM, and AFM for the
visual examination and eradication of their intricate structures
[100,102-105].
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3.4.5. Cytotoxicity study

The toxicity of the isolated BPs and formulations was assessed on
mammalian cell lines with the use of HEK-293 cells. The cells were
exposed to BPSA®1 and BPPA®1, as well as BPSA®1-CHMPs, BPPA®1-
CHMPs, and MBP-CHMPs formulations (Fig. 5). Additionally, a positive
control of 1 % Triton X-100 and a negative control of PBS were used. The
results obtained from the MTT assay indicated that there were no major
differences in the morphology of the cells treated with the BP, all for-
mulations, and PBS (Fig. 5A) after a 24-h incubation period. However, a
positive control (1 % triton X-100) showed just 2.5 % cell viability
(Fig. 5B). The results of the analysis indicate that both the BP and their
formulations do not exhibit cytotoxic effects (>90 % viability, Fig. 5B).
Furthermore, prior studies have also reported the absence of any cyto-
toxic impact of BPs such as vB_SauM-A, vB_SauM-C, vB_SauM-D on Bj
cells [106], BP phiCDHS1 on HT-29 cells [107], and BPs PgEn-CL and
P@En-HO on A375 and HFSF-PI 3 cells [108].

3.5. Stability studies

The stability study (Fig. 5C) results indicated that the pure BP sus-
pension were found unstable due to the decrease in >50 % of BPs titer

BPSA®1-CHMPs BPPA®1-CHMPs
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Fig. 5. Cytotoxicity of isolated bacteriophage and developed formulations on mammalian cells was studied with Human Embryonic Kidney (HEK293) cells (10°
cells/well) using MTT assay, where (A) Cell images show that there is no change in their morphology after bacteriophage treatment as compared to the controls, (B)
Comparing mammalian cell survival concerning different treatments C) Stability studies of pure BP solution, MBP-CHMPs, and MBP-CHMPs-gel. Data is shown as
mean + SD (n = 3). The statistical analyses were conducted using a one-way analysis of variance (ANOVA). *** indicates the p < 0.001 as compared to the

negative control.
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within a month at 4.0 £+ 0.2 °C, while a complete loss of activity was
observed in 3 months. In the case of MBP-CHMPs and MBP-CHMPs-gels,
the titer decreased by one-tenth in the first month. However, it was
maintained for up to 4 months when stored at 4.0 + 0.2 °C, and this
stability could be attributed to the protective nature of trehalose and
glycerine present in the developed formulation. Several reports have
suggested that the addition of trehalose enhances the stability of BPs
[109-111]. The results demonstrated that trehalose exhibited a decrease
in the accumulation of reactive oxygen species and protein oxidation
products throughout storage. Trehalose-based BP antimicrobial films/
coatings exhibit significant promise in the extended preservation of BPs
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[112].

3.6. In vivo study

The evaluation of burn wound healing is a crucial aspect of assessing
the progress and effectiveness of burn wound treatment. It involves a
comprehensive assessment of two primary factors: the area of the burn
and the depth of the burn. The percentage of wound closure (Fig. 6) after
treatment with BPSA®1-CHMPs-gel (Group-III), BPPA®1-CHMPs-gel
(Group-1V), and MBP-CHMPs-gel (Group-V) were found to be 84.61 +
1.03 %, 83.38 + 1.87 %, and 85.54 + 0.05 % on 28th day, whereas

Day 21 Day28 B) Histopatho}ogy
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Fig. 6. Burn wound healing assay. A) Effect of BP formulations in burn wound on different days, B) histopathology examination at the end of the healing where
arrow mark shows damaged collagen bundles with ruptured epithelium in the control group and formation of new epithelium membrane in other groups. C) The
graph depicts the percentage of wound closure with time (days). Data is shown as mean + SD (n = 3). The statistical analyses were conducted using a one-way
analysis of variance (ANOVA). p < 0.001 (***), p < 0.01 (**), and p < 0.05 (*) as compared to the control untreated group.
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marketed formulation (Group-II) treated animals had 71.47 + 1.75 % of
wound closure. The control group also showed around 18 % wound
contraction however, pus formation was also noticed with time. More-
over, the results confirmed the effectiveness of BPs combination in the
treatment of polybacterial infections.

Furthermore, microscopic images of H & E stained rat skin (Fig. 6B)
depicted quicker and complete re-epithelialization of the BPSA®1-
CHMPs-gel, BPPA®1-CHMPs-gel, MBP-CHMPs-gel treatment group in
comparison with the commercially available product. In contrast, un-
treated rats (Fig. 6B) did not exhibit full re-epithelialization by day 28.
In a previous report, lytic phases AB140 and @AB150 chitosan
formulation showed a significant decrease in wound size having MDR
bacterial infection [41]. In a recent study conducted by Rezk et al., it was
discovered that BP ZCPAl exhibits an effective antibacterial agent
against multidrug-resistant P. aeruginosa. The study further demon-
strated that the application of BP ZCPAl resulted in significant im-
provements (99.84 %) in wound healing effects in a rat model with full-
thickness infection of a wound [113]. Antibiotic ineffectiveness in
antimicrobial-resistant wound infections imposes an immense medical
and financial burden, highlighting the need for new treatments to
remove obstacles to wound healing in wound care.

A 3D-Mode of Ultrasound (USG) was used for collecting two-
dimensional (area) and three-dimensional (depth and volume) data on
the wound. PA-Mode was for determining saturated oxygen percentage
(s02%). USG imaging was used for locating the wound and measuring its
volume(mm?) on the 3", 14", and 21% days. The obtained data were
processed by using Vivo Lab software (Fig. 7), and the wound volume
data were plotted against the day. On day 3, the wound volumes of
control (Group-I), 1 % SSD (Group-II), BPSA®1-CHMPs-gel (Group-III),
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10 Mrasound 20 Ubrasound 30 Uhipscund
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BPPA®1-CHMPs-gel (Group-IV), and MBP-CHMPs-gel (Group-V) was
found to be 481.40 + 12.12, 444.68 + 16.0, 469.276 + 27.9, 442.25 +
25.14, and 425.23 + 23.12 mm?, respectively. The volumes of the
wound after treatment with BPSA®1-CHMPs-gel (20.161 + 1.24 mm3),
BPPA®1-CHMPs-gel (34.60 + 0.92 mm?), and MBP-CHMPs-gel (14.16
+ 1.40 mm®) were reduced significantly in day 21. The scar of the healed
wound was visible in the 2D and 3D USG images (Fig. 7C, D, and E).
Moreover, after treatment with 1 % SSD, wound volume was found to be
87.02 + 9.54 mm®, which was higher than BPs and their MPs, and the
untreated group shows an increase in wound volume (494.74 + 12.20
mm?) (Fig. 7F) due to heavy infection.

The USG images provided clear visual evidence of significant damage
to the deeper layers of the skin on day 3. As the burn wound underwent
the recovery process, a gradual reduction in burn depth was observed,
reaching its noticeable decline by day 14. After 21 days, burn depth has
been gradually reduced after treatment with BP formulation. Therefore,
BP formulations have demonstrated efficacy in treating antibiotic-
resistant bacterial wound infections caused by specific strains.

PA imaging (Fig. 8) is an excellent technique for effectively
observing and assessing the progress of localized blood vessel formation,
blood flow, and the level of oxygen saturation. These specific parameters
play a crucial role in the healing process of wounds. The day 3 oxygen
saturation (sO2%) of control, 1 % SSD, BPSA®1-CHMPs-gel, BPPA®1-
CHMPs-gel, and MBP-CHMPs-gel groups (Fig. 8) were found to be 24.41
+ 1.08, 30.403 + 1.3, 29.824 + 2.33,19.63 4+ 2.13, and 21.1 + 1.82 %,
respectively. sO2% gradually increased as the day of treatment pro-
gressed, and the level of sO2% was higher in formulation-treated groups,
BPSA®1-CHMPs-gel (81.20 + 0.74 %), BPPA®1-CHMPs-gel (75.40 +
0.94 %), MBP-CHMPs-gel (89.45 + 0.40 %) as compared to marketed
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Fig. 7. Ultrasound imaging of infected burn wound where (A) represents the control group (without treatment), (B) treated with 1 % SSD (marketed formulation),
(C) treated with BPSA®1-CHMPs-gel, (D) treated with BPPA®1-CHMPs-gel and (E) treated with MBP-CHMPs-gel. Each group represents a 3D ultrasound image, a 2D
ultrasound image captured by using the 3D ultrasound mode, and the wound volume measured by the multislice method on 3, 14, and 21 days. (F) graphical
representation of quantitative measurement of wound volume on different days. The standard deviation is shown in the error bars (n = 5). Data is shown as mean +
SD (n = 3). The statistical analyses were conducted using a one-way analysis of variance (ANOVA). p < 0.001 (***), p < 0.01 (**), and p < 0.05 (*) as compared to

the control untreated group.
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Fig. 8. Ultrasound and Photoacoustic imaging of infected wound where, (A) Control group (without treatment), (B) treated with 1 % SSD (marketed formulation),
(C) treated with BPSA®1-CHMPs-gel (D) BPPA®1-CHMPs-gel and (E) treated with MBP-CHMPs-gel. (F) graphical representation of quantitative oxygen saturation
measurement on days 3, 14, and 21. Data is shown as mean 4 SD (n = 3). The statistical analyses were conducted using a one-way analysis of variance (ANOVA). p <
0.001 (***), p < 0.01 (**), and p < 0.05 (*) as compared to the control untreated group.

formulation (69.25 + 0.54 %) and control group (34.89 + 0.81 %) on
day 21. More interestingly, during the initial week, the central region of
the burn exhibited higher levels of hypoxia when compared to the sur-
rounding area. This was mainly caused by dermal damage and a lack of
blood perfusion. The sO2% increased with increasing post-burn days due
to the recovery of blood perfusion. Existing literature highlights the
relevance of USG/PA imaging as an emerging tool for analyzing wound
healing. A multiscale photoacoustic assessment was used to determine
the efficacy of the chitosan-graphene oxide (CH-Go) hemostatic sponge.
After analyzing the data, they concluded that the Chi-GO hemostatic
sponge showed promising results in terms of hemostatic application,
wound therapy, and targeted medication release [114]. Mantri et al.
evaluated the use of PA-US to track angiogenesis in 19 clinical patients.
In this study, local angiogenesis, tissue perfusion, and oxygen saturation
were studied for 3 weeks along with a 3D map of wound bed physiology.
They concluded that PA imaging is the most effective method for pre-
dicting wound healing. This imaging may help clinicians decide whether
to start, continue, adjust, or stop therapy earlier [115]. Usually, clini-
cians assess wound health based on surface indications such as color,
odor, skin texture, discharge, edema, and the presence of weakened
tissue.

3.7. Gel occlusion and bio-imaging study

In this study, DiD dye (fluorescent dye) was used as a model dye for
fluorescent imaging. DiD dye-loaded MPs and microparticles-laden gels
were evaluated for sustained fluorescent signal and correlating with BP
release or sustained activity on the wound of rat (Fig. 9). From fluo-
rescent imaging (Fig. 9A), it was observed that DiD-CHMPs and DiD-
CHMPs-gel (gel) both are site-specific and not distributed to other
body organs when evaluated up to 6 h. Moreover, DiD-CHMPs-gel was
not only easy to apply but also remained on the wound site (fluorescent
intensity 3.69e7 + 100,250-1.27e6 + 45,900) for >6 h without any
significant loss of fluorescent intensity. However, DiD-CHMPs formu-
lation after its application shows a gradual decrease in the fluorescent
intensity with time, more significantly compared to the microparticle
loaded gel (Fig. 9B). On the contrary, DiD-CHMPs was a little inconve-
nient to apply, retain only in a corner portion of wound and came off in

14

4 h with faster decrease in fluorescent intensity from 2.65e7 + 98,600 to
3.2e2 + 80. Hence, from the obtained results, the conclusion can be
drawn that the gel formulation exhibited a longer retention time of 6 h
compared to the commonly used free DiD. This extended retention can
be attributed to the formation of a gel layer around the skin when the gel
is applied. Puthia et al. used in vivo bioimaging to evaluate the efficiency
of a TCP-25 peptide-functionalized hydrogel in treating S. aureus and
P. aeruginosa-infected partial-thickness wounds. They examined the
TCP-25 biodistribution in vivo after injecting SKH1 mice dorsum with
TCP-25 gel that has been Cy5-labeled. The diffusion of the peptide from
the gel into the surrounding tissues was tracked using longitudinal IVIS
bioimaging. The findings indicated that TCP-25 exhibited significant
retention at the site of administration [116].

BPs therapy has been demonstrated to be effective both as a stand-
alone treatment and as an adjuvant therapy when used in combination
with antibiotics. However, the clinical implementation of BP therapy in
Western countries continues to encounter significant challenges, pri-
marily regulatory concerns surrounding inadequate quality and safety
guidelines. Additionally, obstacles arise from the instability of BP during
formulation, the laborious process of quantifying BP, variations in effi-
cacy against biofilm, the assessment of resistance, and the presence of
inadequate regulatory frameworks [117]. In addition, the identification
of BP genomes is crucial for the determination of resistance genes and
the assessment of lytic activity against bacteria, which can increase the
cost of treatment in personalized therapy.

4. Conclusion

Antimicrobial resistance in burn wound infections is a growing
challenge and a leading cause of severe infections. The production of
biofilms can worsen wound conditions, especially in cases of poly-
bacterial infections. Personalized therapy may become necessary in
cases where conventional antimicrobials prove ineffective. BP therapy
has evolved as an effective personalized therapy in such cases; however,
maintaining the biological activity throughout treatment for wound
infections remains a challenge. In the present work, we successfully
demonstrated the loading of more than one BP (acting on a different
host) into the CHMPs without compromising their biological activity



D. Dehari et al.

0.5h

(A)

Free dye

International Journal of Biological Macromolecules 253 (2023) 127247

6h

4h

[}
a.
=
o
Q
Q
Q
3
'
Q.
=
I
Q
a
Q
107«
U‘:
g 104+
g 10°4 N Free dye
Qo : M OiD-CHMPs
w 104
s M OWD-CHMPs-gal
§ 1074
§ 1924
i 104
o LK
o8 [N L" - ©
Time (h)

Fig. 9. (A) Fluorescent in vivo fluorescence imaging and gel occlusion study for 6 h following the application of the free DiD, DiD-CHMPs, and DiD-CHMPs-gel on the
wounds. (B) Graphical representation of fluorescence intensity of free DiD, DiD-CHMPs, and DiD-CHMPs-gel after application to the wound at different time intervals.

and efficacy in polybacterial infections. The stability study also showed
that the prepared formulations maintained their biological activity for
up to four months. A series of studies demonstrated the superior efficacy
of the developed formulation as compared to the marketed formulation;
SSD (1 %) is considered a gold standard for treating burn wound in-
fections. The proposed formulation strategy may not be applicable in
general but can certainly be employed for personalized therapy when
conventional treatment options prove ineffective. Additionally, the
time-consuming process of identifying phages for each bacterial strain
limits the study; however, this limitation can be addressed through the
establishment of a phage bank.
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